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SELF-SEALING SPACECRAFT STRUCTURES I N  THE METEOROID ENVIRONMENT 

by James J. P i e c h o c k i  
S e n i o r  Research  Engineer  
Northrop Space L a b o r a t o r i e s  

ABSTRACT 

The l i k e l i h o o d  of  meteoro id  e n c o u n t e r s  poses  v a r i o u s  
problems t o  t h e  s p a c e c r a f t  d e s i g n e r ,  one o f  them 
being  t h e  l o s s  of  f l u i d s  v i t a l  t o  m i s s i o n  complet ion.  
I t  i s  demonst ra ted  t h a t ,  f o r  t h e  more a m b i t i o u s  p r o -  
j ec t s ,  a s t r u c t u r e  which p r o v i d e s  p e n e t r a t i o n  re- 
s i s t a n c e  o n l y  c a n  impose weight  p e n a l t i e s  o f  i n c r e a s -  
i n g  s e r i o u s n e s s  as m i s s i o n  t i m e s  rise. 
composi tes  u t i l i z i n g  e l a s t o m e r i c  m a t e r i a l s  r e l i a b l y  
d e m o n s t r a t e  i n  t h e  l a b o r a t o r y  a c a p a b i l i t y  o f  s e l f -  
s e a l i n g  c o m p a t i b l e  w i t h  sys tem requi rements .  I n  a n  
e x t e n s i v e  program a t  Northrop,  and i n  s u p p o r t  of a 
NASA-sponsored s t u d y ,  a v a r i e t y  of  s t r u c t u r a l  con- 
f i g u r a t i o n s  s u c c e s s f u l l y  s e a l e d  f o l l o w i n g  p e n e t r a -  
t i o n s  a t  s p e e d s  from 8,000 t o  20,000 f e e t  p e r  second.  
The s e a l a n t s  a r e  e v a l u a t e d  by e x c i t a t i o n  on a n  elec- 
t rodynamic s h a k e r ,  and it is  shown tha t  t h e  more 
s u c c e s s f u l  s e a l a n t s  e x h i b i t  h i g h  damping and energy  
d i s s i p a t i o n  when compared w i t h  t h e  l e s s  s u c c e s s f u l  
m a t e r i a l s .  
v i s c o e l a s t i c i t y ,  models o f  m a t e r i a l  r e s p o n s e  are 
proposed ,  and a q u a l i t a t i v e  d e s c r i p t i o n  of  s u c c e s s -  
f u l  o p e r a t i o n  i s  advanced.  
p l u s  t h e  r e s u l t s  of h y p e r v e l o c i t y  p e r f o r a t i o n s  o f  
elastomers and comple te  p a n e l s  a r e  p r e s e n t e d  i n  
s u p p o r t  of t h e  d e r i v e d  c o n c l u s i o n s .  

A s u r v e y  of  s u g g e s t e d  s e l f - s e a l i n g  c o n f i g u r a t i o n s  
i s  p r e s e n t e d .  
a p p l i c a t i o n s  of  t h e s e  systems are g iven .  

S t r u c t u r a l  

I n  a unique  a p p l i c a t i o n  of the t h e o r y  of 

Material p r o p e r t y  d a t a  

Recommendations for t h e  p r a c t i c a l  

1.0 ImRODUCTION 

With the a d v e n t  o f  s p a c e  e x c u r s i o n s  of  l o n g e r  d u r a -  
t i o n ,  t h e  meteoro id  environment  must r e c e i v e  c a r e -  
f u l  a t t e n t i o n .  No e x p e r i m e n t a l  d a t a  f o r  s i g n i f i -  
c a n t l y  l e n g t h y  d u r a t i o n s  are as y e t  a v a i l a b l e  t o  
c o n f i r m  t h e  e x i s t i n g  p r e d i c t i o n s .  I t  is i m p o r t a n t ,  
t h e r e f o r e ,  t o  assess t h e  need f o r  s e l f - s e a l i n g  a p p l i -  
c a t i o n s  and t o  s u r v e y  t h e  u t i l i t y  of  t h e s e  sys tems.  
A s  armor p l a t e  and bumper approaches  have r e c e i v e d  
a g r e a t  amount of  a t t e n t i o n ,  t h e  added o r  a l t e r n a -  
t i v e  b e n e f i t s  of  s e l f - s e a l i n g  have remained h i t h e r t o  
unexplored .  
r e p a i r  c o n c e p t s  are n o t  a panacea  i n  that t h e y  do 
n o t  p r o v i d e  f o r  d e f e a t i n g  p e n e t r a t i o n ,  it is  expe-  
d i e n t  t h a t  t h e i r  u t i l i t y  be s t u d i e d .  Moreover, a 
need to  e x p l o r e  v a r i o u s  s e a l i n g  c o n c e p t s  is manda- 
t o r y  i n  view o f  t h e  v a r i e t y  o f  a n t i c i p a t e d  e n v i r o n -  
menta l  c o n s i d e r a t i o n s  and p o s s i b l e  a r e a s  of  a p p l i -  
c a t i o n .  

While one may r e c o g n i z e  t h a t  s e l f -  

2.0 ANALYSIS OF THE REQUIREMENT FOR SELF-SEALING 

2.1 The Meteoroid Environment 

The p r e s e n c e  of  e x t r a - t e r r e s t i a l  m a t e r i a l  h a s  been 
observed  by man f o r  many c e n t u r i e s  i n  the mani fes -  
t a t i o n  o f  meteorites, and t h e  t h r e a t  t o  s p a c e  
t r a v e l  h a s  been d i s c u s s e d  a t  g r e a t  length .  However, 
i t  has  o n l y  been i n  t h e , p a s t  decade  t h a t  t h e  hazard  
has been s u b j e c t  t o  q u a n t i t a t i v e  s c r u t i n y .  
s c i e n c e  o f  meteoro id  o b s e r v a t i o n  h a s  many u n c e r t a i n -  

The 

t ies ,  and most comple te  e v a l u a t i o n  w i l l  undoubtedly  
be ga ined  by long-term d e t e c t i o n  satell i tes t o  
r e a l i s t i c a l l y  a s s e s s  t h e  d e g r e e  o f  danger .  

I n  t h e  meantime, s t a t i s t i ca l  a n a l y s e s  of v a r i o u s  
ear th-bound o b s e r v a t i o n a l  approaches  w i l l  proceed.  
P h o t o g r a p h i c  methods seem a p p l i c a b l e  t o  meteor mag- 
n i t u d e s  o f  6. Radio  t e c h n i q u e s  ex tend  t h e  d e t e c t i o n  
r a n g e  t o  a b o u t  magni tude 13. Some d a t a  f u r t h e r  i n t o  
t h e  micrometeor ic  r a n g e  have been c o l l e c t e d  by 
o r b i t i n g  v e h i c l e s  expos ing  r e l a t i v e l y  small areas o 
f o r  l i m i t e d  d u r a t i o n s .  

An a c c u r a t e  a p p r a i s a l  of the environment  h i n g e s  o n  
t h e  r e l a t i o n  between a n  observed  l u m i n o s i t y  and t h e  
p a r t i c l e  mass as i t  a b l a t e s  i n  i t s  f i e r y  e a r t h  a t -  
mosphere e n t r y .  Some o f  t h e  most r e l i a b l e  informa- 
t i o n  of  t h i s  n a t u r e  was o b t a i n e d  i n  a n  exper iment  
coded T r a i l b l a z e r  I ,  developed  by NASA, and r e p o r t e d  
by Whipple (Ref .  1). C o r r e l a t i o n  w i t h  f requency  of 
o c c u r r e n c e  and meteor mass is  t h e n  p r e s e n t e d  on 
f l u x  v e r s u s  mass c h a r t s ,  where t h e  mass is p r e s e n t e d  
as a t h r e s h o l d  v a l u e .  It is  i n t e r e s t i n g  t o  n o t e  t h e  
h i s t o r i c a l  changes i n  t h e  f l u x  i n f o r m a t i o n  as t a b u -  
l a t e d  by v a r i o u s  i n v e s t i g a t o r s .  I n  F i g u r e  1, i t  c a n  
be s e e n  t h a t  t h e  most c u r r e n t  r e s u l t s  p r e s e n t  a 
somewhat more o p t i m i s t i c  p i c t u r e .  
Whipple, p r e s e n t e d  as t h e  1963A l i n e ,  i n d i c a t e s  a 
d e c r e a s e  i n  f requency  o v e r  h i s  earl ier (1957)  e s t i -  
mate beginning  from magnitude 23 and showing b e t t e r  
t h a n  one decade d e c r e a s e  f o r  magni tude 5 meteors .  
H i s  c o n c l u s i o n  t e n d s  toward t h e  1956 r e s u l t s  o f  
Watson2. 
r e l a t i o n  r e f l e c t s  t h i s  change. 

Meteoroid s i z e  can  o n l y  be de te rmined  from mass and 
d e n s i t y  r e l a t i o n s ,  bo th  o f  which are s p e c u l a t i v e .  
However, t h e r e  i s  g e n e r a l  agreement  among i n v e s t i -  
g a t o r s  t h a t  t h e  pr ime hazard  is due t o  t h e  micro- 
s i z e d  d e b r i s ,  or m i c r o m e t e o r i t e s .  

The f l u x  d a t a  c a n  be c o n v e r t e d  i n t o  a n  index  o f  t h e  
p e n e t r a t i o n  hazard .  T h i s  i s  done by c o n v e r t i n g  t h e  
meteor  mass t o  a n  e q u i v a l e n t  wall t h i c k n e s s  pene-  
t r a t e d  by i t ,  assuming v a l u e s  f o r  t h e  meteor  parame- 
ters of v e l o c i t y  and d e n s i t y ,  and a p e r t i n e n t  pene- 
t r a t i o n  e q u a t i o n .  The rGciproca1  f l u x  p l o t t e d  v e r s u s  
t h e  t h r e s h o l d  w a l l  t h i c k n e s s  d e f i n e s  a n  a v e r a g e  t ime 
t o  p e n e t r a t i o n  of  a u n i t  area f o r  any  s e l e c t e d  group 
m a t e r i a l .  The assumed v a l u e s  of  t h e  a t t e n d a n t  
p a r a m e t e r s  are: 

The d a t a  of  

Indeed ,  a n  a l t e r a t i o n  i n  t h e  mass-magnitude 

3 
( a )  Average meteoro id  d e n s i t y ,  p = 0.44 gm/cm 

( b )  Average meteoro id  v e l o c i t y ,  V = 22 km/sec 

( c )  Herrmann - J o n e s  t h i c k  t a r g e t  p e n e t r a t i o n  
formula  (Ref .  3 ) :  

1 



w i t h  p = t h i c k - t a r g e t  d e p t h  of p e n e t r a t i o n  
p t  = t a r g e t  d e n s i t y  

H = t a r g e t  B r i n n e l  h a r d n e s s  
m = meteoro id  mass 

( d )  Thick  t a r g e t  p e n e t r a t i o n  d e p t h  = 2/3  t h i n  
s h e e t  p e n e t r a t i o n  d e p t h  

The r e l a t i v e l y  l o w  meteoro id  d e n s i t y  i s  proposed i n  
Reference  1, and i s  c o n s i s t e n t  w i t h  t h e  g e n e r a l l y  
a c c e p t e d  n o t i o n  o f  t h e  cometary o r i g i n  of  over 90 
p e r c e n t  of  t h e  d e b r i s  (Ref .  4 ) .  Whipple a l s o  
a c c e p t s  t h e  l i s t e d  p e n e t r a t i o n  r e l a t i o n  as a p p l i -  
c a b l e  f o r  low d e n s i t y  p a r t i c l e s .  

The a v e r a g e - t i m e - t o - p e n e t r a t i o n  d a t a  i s  shown i n  
F i g u r e  2 f o r  t h e  two sets o f  Whipple d a t a ,  v i z . ,  
that o f  1957 and 1963 e s t i m a t e s .  It c a n  be s e e n  
t h a t  f o r  a 0.1 c m  s k i n  t h i c k n e s s  ( a b o u t  0 .040- inch)  
t h e  p e n e t r a t i o n  t i m e  h a s  been i n c r e a s e d  by a f a c t o r  
o f  o v e r  3,000. T h i s  r e s u l t  a c c r u e d  w i t h  a n  i n t e n d e d  
pessimism of  one o r d e r  of  magni tude i n  t h e  1957 
d a t a .  The changes i n  t h e  d a t a  o v e r  s i x  y e a r s  of  
e f f o r t  a r i s e  from t h e  a l t e r a t i o n s  i n  t h e  f l u x  i n f o r -  
mat ion  and t h e  p e n e t r a t i o n  r e l a t i o n  and c r i t e r i o n .  

F u t u r e  changes i n  t h e  p e n e t r a t i o n  e q u a t i o n s  a r e  not  
expec ted  t o  be d r a s t i c ,  a l t h o u g h  l a b o r a t o r y  p r o j e c -  
t i o n  t e c h n i q u e s  f o r  r e a l i s t i c  s p e e d s  and p a r t i c l e  
masses s t i l l  r e q u i r e  development .  U n c e r t a i n t i e s  i n  
t h e  d e n s i t y  estimates could  r e d u c e  t h e  a v e r a g e  t i m e  
t o  p e n e t r a t i o n  by one o r d e r  of  magni tude below t h e  
" b e s t  e s t i m a t e . "  According t o  F i g u r e  3 ,  a v e h i c l e  
o f  1 ,000 f t 2  exposed s u r f a c e  ( a b o u t  90 meters2) w i t h  
a n  aluminum s k i n  t h i c k n e s s  o f  40 m i l s  des igned  t o  a 
r e a l i s t i c  z e r o  p e n e t r a t i o n  p r o b a b i l i t y  c o u l d  be 
p e n e t r a t e d  i n  less t h a n  one month. The problem i n -  
creases l i n e a r l y  w i t h  l a r g e r  v e h i c l e  s i z e .  

The need f o r  meteoro id  p r o t e c t i o n  f o r  extended 
m i s s i o n s  i s  obvious ,  as i s  t h e  e x i s t e n c e  of  a 
v a r i e t y  o f  u n c e r t a i n t i e s  i n  i t s  implementa t ion  f o r  
t h e  s h o r t e r  ones.  
w i l l  p r o v i d e  b e t t e r  d a t a  f o r  a r e a l i s t i c  assessment  
of  p r o b a b i l i s t i c  v e h i c l e  d e s i g n ,  bu t  t h e  t i m e  t o  
implement t h e s e  e f f o r t s  must no t  i n h i b i t  c u r r e n t  or  
f u t u r e  development .  The b iomedica l  r e s u l t s  of  a 
p e n e t r a t i o n - i n d u c e d  decompression have been d e t a i l e d  
e l s e w h e r e ,  and w i l l  no t  be d i s c u s s e d  h e r e .  However, 
i t  has been r e l i a b l y  s t a t e d  that i n c a p a c i t a t i o n  of  
a n  exposed biospecimen c o u l d  r e s u l t  i n  seconds .5  
S e l f - s e a l i n g  sys tems,  w i t h  n e a r l y  i n s t a n t a n e o u s  
r e s p o n s e  and no e x t r a n e o u s  crew m o n i t o r i n g ,  are 
l o g i c a l l y  s u g g e s t e d .  Hence, f o r  unmanned compart-  
ments ,  f o r  i n a c c e s s i b l e  areas o f  t h e  v e h i c l e ,  and 
even  as a complement t o  armor p l a t e ,  s e l f - s e a l i n g  
s t r u c  t u r e  s "des i g  n a round" t h e  environment  a 1 p r o  b 1 e m  
and p r e s e n t  a g r e a t e r  d e g r e e  of  crew comfort  and 
s a f e t y .  

2.2 System Comparat ive E v a l u a t i o n  

One method of  o b s e r v i n g  t h e  u t i l i t y  of  s e l f - s e a l i n g  
i s  t o  compare t h e  expec ted  weights  of  v a r i o u s  
systems f o r  d i f f e r e n t  m i s s i o n  times. Such a n  
a n a l y s i s  has  been made f o r  t h e  f o l l o w i n g  systems 
employing aluminum s k i n s :  

Long-time o r b i t i n g  d e t e c t o r s  

( a )  An a i r  rep len ishment  sys tem w i t h  p r o v i s i o n s  
f o r  m a i n t a i n i n g  a 14.7 p s i  a i r  a tmosphere  
w i t h  no p r o v i s i o n s  f o r  r e p a i r .  

( b )  An armor p l a t e  s t r u c t u r e  w i t h  a z e r o  pene-  
t r a t i o n  p r o b a b i l i t y  P(o), of 0.99. 

(c )  A s e l f - s e a l i n g  s t r u c t u r a l  composi te .  

The Whipple 1963A " b e s t  e s t i m a t e "  f l u x  d a t a  was 
assumed. The a i r  rep len ishment  sys tem is  assumed 
t o  have t h e  c a p a c i t y  t o  r e p l a c e  a i r  a t  a rate 
n e c e s s a r y  t o  m a i n t a i n  t h e  s p e c i f i e d  p r e s s u r e  t o  
o f f s e t  t h e  p r e d i c t e d  loss from h o l e  p r o d u c t i o n  f l u x ,  
w i t h  a n  equipment weight  p e n a l t y  o f  40 p e r c e n t  o f  
t h e  l o s t  mass6. I d e a l  n o z z l e  f l o w  was assumed i n  
c a l c u l a t i n g  t h e  mass l o s s .  The armor p l a t e  c o n c e p t  
i s  a p p l i e d  t o  a v e h i c l e  o f  1 ,000 f t 2  o f  exposed 
s u r f a c e  area. 
f o r  ease of  computa t ion  i s  that of  Rodriquez7,  
which I s  a g e n e r a l i z e d  form of  t h a t  o f  Kornhauser8. 

The s e l f - s e a l i n g  systems employ a n  e l a s t o m e r i c  
s e a l a n t  c o n f i n e d  i n  a honeycomb core sandwich,  and 
w i l l  be d e s c r i b e d  i n  d e t a i l  l a t e r .  S u c c e s s f u l  
l a b o r a t o r y  specimens o f  t h i s  t y p e  have  been f a b r i -  
c a t e d  w i t h  a u n i t  weight  o f  1.7 l b / f t 2  ( n o t  i n -  
c l u d i n g  t h e  metallic f a c e ) .  
has been used f o r  the  weight  a n a l y s i s .  

An a v e r a g e  meteoro id  v e l o c i t y  and d e n s i t y  o f  22 
km/sec and 0.44 gm/cm3, r e s p e c t i v e l y ,  t a k e n  from 
Whipple, a r e  assumed. The comple te  a n a l y s i s  i s  
shown i n  F i g u r e  3 .  The a i r  r e p l e n i s h m e n t  c o n c e p t  
becomes noncompet i t ive  a t  m i s s i o n  times beyond 
one month. For  times g r e a t e r  t h a n  two weeks, the 
0.100-inch sys tem is  a c t u a l l y  l i g h t e r  t h a n  i t s  
companion 0.020-inch s k i n  sys tem s i n c e  o n l y  t h e  
less f r e q u e n t .  more mass ive ,  p e r f o r a t i o n s  are 
exper ienced .  A comparison o f  armor p l a t e  and s e l f -  
s e a l i n g  y i e l d s  i n t e r e s t i n g  r e s u l t s .  For  the r a n g e  
o f  s e a l a n t  c o n s t r u c t i o n s  between 0.020-inch and 
0.100-inch aluminum f a c e  t h i c k n e s s e s ,  a weight  
advantage  o v e r  armor p l a t e  i s  p r e d i c t e d  for m i s s i o n  
t i m e s  beyond t w o  d a y s  t o  a b o u t  two weeks. Moreover, 
t h e  0.020-inch a i r  r e p l e n i s h m e n t  c o n c e p t  would s t i l l  
be l i g h t e r  up t o  a b o u t  t w o  weeks. 

It becomes a p p a r e n t  t h a t  t h e  weight  t r a d e o f f  p o i n t  
f o r  s e l f - s e a l i n g  c o n f i g u r a t i o n  o c c u r s  f o r  m i s s i o n  
t i m e s  beyond t w o  weeks. Hence, f o r  n e a r - e a r t h  
performance,  v e h i c l e s  could u t i l i z e  these s t r u c t u r e s  
t o  a weight  a d v a n t a g e  assuming t h a t  the  p a r t i c l e  
f l u x  r a t e  i s  n o t  s i g n i f i c a n t l y  a l t e r e d .  A s  d i s c u s s e d  
ear l ier ,  t h e  f l u x  d a t a  are c o n s i d e r e d  t o  be r e l i a b l e  
t o  t h e  e x t e n t  t h a t  any  f u t u r e  r e v i s i o n s  should  not  
produce d r a s t i c  changes.  Some f u r t h e r  o p t i m i z a t i o n s  
i n  t h e  s e l f - s e a l i n g  g e o m e t r i e s  c a n  be e x p e c t e d ,  b u t  
t h e i r  e f f e c t  should  not  be  d r a s t i c  e i t h e r .  Hence, 
t h e  weight  p i c t u r e  o f  armor v e r s u s  s e l f - s e a l i n g  as 
p r e s e n t e d  h e r e  i s  c o n s i d e r e d  q u i t e  r e a l i s t i c .  

The "bumper" c o n c e p t  h a s  not  been a n a l y z e d  h e r e  
because  o f  t h e  s c a r c i t y  of d a t a  a t  t h i s  t i m e .  It 
c a n  be r e a s o n a b l y  expec ted  t h a t  c o n s i d e r a b l e  weight  
s a v i n g  c a n  be e f f e c t e d  i f  one were t o  a p p l y  t h e  
l a b o r a t o r y  optimums.9 Indeed ,  f a c t o r s  o f  50 p e r c e n t  
and h i g h e r  have been r e p o r t e d .  However, i t  is  
i n t e r e s t i n g  t o  n o t e  t h a t  t h e s e  optimums o c c u r  a t  
g e o m e t r i e s  where a c o n s i d e r a b l e  p e r c e n t a g e  o f  t h e  
t o t a l  p e n e t r a t e d  d e p t h  (bumper p l u s  w i t n e s s  p l a t e )  
i s  i n  t h e  rear w a l l .  T h i s  s i t u a t i o n  may be i n t o l e r -  
a b l e  f o r  c r y o g e n i c  tankage where t h e  r e s i d u a l  energy  
of  p e n e t r a t i o n  ( p a s t  t h e  bumper) may be s e v e r e  
enough t o  i n i t i a t e  shock e f f e c t s  i n  t h e  c o n f i n e d  
f l u i d .  Applying t h i s  f u r t h e r  t o  manned c a p s u l e s ,  
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one need be concerned  a b o u t  s t r u c t u r a l  w a l l  c r a c k  
f o r m a t i o n  w i t h  o r  w i t h o u t  a bumper, s i n c e  a pene- 
t r a t i o n - r e s i s t a n t  s t r u c t u r e  may n o t  n e c e s s a r i l y  be 
leak-proof .  However, nonoptimum bumpers may be 
employed. For  t h i s  r e a s o n ,  a f a c t o r  o f  30 p e r c e n t  
weight  s a v i n g s  may be a more r e a l i s t i c  a s s e s s m e n t  
of bumper e f f i c i e n c y .  With t h i s  f a c t o r  a p p l i e d  
d i r e c t l y  t o  t h e  armor p l a t e  c u r v e  of  F i g u r e  3 ,  the 
weight  t r a d e o f f  f o r  bumper v e r s u s  s e l f - s e a l i n g  
o c c u r s  between t e n  days and t h r e e  months f o r  se l f -  
s e a l i n g  c o n f i g u r a t i o n s  u s i n g  aluminum s k i n s  o f  
0 .020-inch t o  0 .100-inch t h i c k n e s s  f o r  t h e  s t r u c t u r a l  
requi rement .  

3.0 SEALANT MATERIAL REQUIREMENTS 

Depending on t h e  area o f  a p p l i c a t i o n ,  s e l f - s e a l i n g  
m a t e r i a l s  must s a t i s f y  s p e c i f i c  requi rements .  Many 
of  t h e s e  
f o l l o w s :  

demands are obvious  and are l i s t e d  as 

Minimum permanent d e f o r m a t i o n  f o l l o w i n g  
h y p e r v e l o c i t y  p e r f o r a t i o n  coupled w i t h  
good r e c o v e r y  c h a r a c t e r i s t i c s .  

S u f f i c i e n t  s t r e n g t h  and c r a c k  p r o p a g a t i o n  
r e s i s t a n c e  under  e x t r e m e l y  r a p i d  l o a d i n g  
t o  l o c a l i z e  damage and m a t e r i a l  removal. 

High i n t e r n a l  l o s s  c h a r a c t e r i s t i c s  t o  
f a c i l i t a t e  energy  d i s s i p a t i o n .  

R e s i s t a n c e  t o  d e g r a d a t i o n  by t h e  induced 
environment .  

Chemical p r o p e r t i e s  c o m p a t i b l e  w i t h  f i r e  
r e s i s t a n c e ,  p e r m e a b i l i t y ,  and minimal 
odor  and t o x i c i t y  o f  t h e  d e g r a d a t i o n  
p r o d u c t s  . 

Bjork'O d e s c r i b e s  t h e  p r o c e s s  o f  h y p e r v e l o c i t y  
p e n e t r a t i o n  as a f l u i d  phenomenon, n e g l e c t i n g  t h e  
i n h e r e n t  s t r e n g t h  of  t h e  m a t e r i a l ,  and c o n s i d e r i n g  
i t  e q u i v a l e n t  t o  t h e  p r o p a g a t i o n  o f  a p r e s s u r e  wave 
i n  t h e  megabar range .  
have f u r t h e r  p o s t u l a t e d  t h a t  t h e  hydrodynamic 
a n a l o g y  y i e l d s  a c c u r a t e  p r e d i c t i o n s  f o r  t h e  i n i t i a l  
s t a g e s  o f  crater f o r m a t i o n ,  and t h a t  d e s c r i p t i o n s  
of t h e  f inal  s t a g e s  must a c c o u n t  f o r  t h e  mechanical  
a f t e r - f l o w  of t h e  impacted material. C h a r t e r s l z ,  
i n  d e s c r i b i n g  c r a t e r  f o r m a t i o n ,  r e f e r s  t o  a rebound 
o r  r e c o v e r y  of  1 5  p e r c e n t  o f  t h e  maximum formed 
crater volume i n  t h e  f i n a l  s t a g e  o f  p e n e t r a t i o n ,  

E i c h e l b e r g e r  and G e h r i n g l l  

These d e s c r i p t i o n s  were made from o b s e r v a t i o n s  of  
impacts  on  t h i c k  metallic t a r g e t s .  However, many 
a s p e c t s  o f  t h e  p e n e t r a t i o n  mechanism a p p l y  e q u a l l y  
w e l l  t o  t h e  e l a s t o m e r s .  I t  i s  t h i s  i n h e r e n t  
a b i l i t y  f o r  r e c o v e r y  from as much a s  100 p e r c e n t  
s t r a i n  which r e n d e r s  t h e  e l a s t o m e r s  a p p l i c a b l e  t o  
s e l f - s e a l a n t  usage.  F i g u r e s  4 and 5 show t h e  e n t r y  
and e x i t  f a c e ,  r e s p e c t i v e l y ,  of  a p e n e t r a t e d  p a n e l .  
The remarkable  d e g r e e  of  r e c o v e r y  is e v i d e n t  i n  
both  photos  of  t h i s  p e n e t r a t i o n  which o c c u r r e d  a t  
a p p r o x i m a t e l y  7,000 f e e t  p e r  second.  The tendency  
of  elastomers t o  e x h i b i t  v i s c o u s  responses  f u r t h e r  
s e r v e s  t o  enhance t h e i r  a p p l i c a t i o n  i n  v iew o f  t h e  
a t t e n d a n t  energy  d i s s i p a t i o n  t o  be expec ted .  
n o t i o n  of  a s e a l i n g  mechanism u t i l i z i n g  a f low 
p r o c e s s  is a f e a s i b l e  (as w e l l  as a e s t h e t i c )  
p o s s i b i l i t y  and w i l l  be d e s c r i b e d  later. 

The 

These s a l i e n t  r e q u i r e m e n t s ,  a l o n g  w i t h  compati -  
b i l i t y  w i t h  t h e  s t r u c t u r a l  f u n c t i o n  of  t h e  s h e l l ,  
made t h e  elastomers a l o g i c a l  class of materials 
f o r  t h i s  purpose .  The u s e  of  the e l a s t o m e r s  f o r  
s t a t i c  seals is w e l l  known and p r e v a l e n t .  The 
f u r t h e r  p o s s i b i l i t y  of  t a i l o r i n g  t h e  m a t e r i a l  t o  
s p e c i f i c  r e q u i r e m e n t s  i s  a v a i l a b l e  t o  a h i g h  d e g r e e  
i n  view o f  t h e  p r e s e n c e  o f  t h i s  e f f o r t  i n  polymer 
r e s e a r c h .  

4.0 SURVEY OF SELF-SEALING CONCEPTS 

A l l  o f  t h e  c o n c e p t s  d i s c u s s e d  here were i n i t i a l l y  
s u b j e c t e d  t o  p e r f o r a t i o n s  a t  7,000 t o  8,000 f p s .  
Lead, s teel ,  and g l a s s  p r o j e c t i l e s  o f  1 / 8 - i n c h  
d i a m e t e r  were used.  The p a r t i c l e  accelerator r a n g e  
was evacuated  t o  a p p r o x i m a t e l y  200 microns f o r  each 
s h o t .  
t o  ambient  c o n d i t i o n s ,  so t h a t  s e a l i n g  was be ing  
observed  a c r o s s  e s s e n t i a l l y  a 14.7 p s i  p r e s s u r e  
d i f f e r e n t i a l .  Immediately a f t e r  f i r i n g ,  s e a l i n g  
was q u a l i t a t i v e l y  checked by ear and w i t h  t h e  
a s s i s t a n c e  o f  a s t e t h o s c o p e  p l a c e d  o n t o  t h e  e x i t  
s i d e  n e a r  t h e  p e r f o r a t i o n .  Fol lowing  t h i s ,  l eakage  
rates from a known volume c o n t a i n e r  o v e r  a spec t rum 
o f  p r e s s u r e  d i f f e r e n t i a l s  were measured u s i n g  
l a b o r a t o r y - t y p e  f lowmeters .  F u r t h e r  t e s t i n g  of  t h e  
more promis ing  c o n f i g u r a t i o n s  was t h e n  conducted  a t  
h y p e r v e l o c i t y  f ac i l i t i e s  a t  v e l o c i t i e s  i n  e x c e s s  of 

The e x i t  s i d e  o f  t h e  specimens were exposed 

20,000 f p s .  

4.1 The Honeycomb-Core S e a l a n t  Concept  

The b a s i c  c o n f i g u r a t i o n  i s  shown i n  F i g u r e  6 .  
c o n s i s t s  of a metallic f a c e  s h e e t  and a r e i n f o r c e d  
neoprene b a c k s t r i p  c o n f i n i n g  a p h e n o l i c  f i b e r g l a s s  
honeycomb core .  The c o r e  i s  f i l l e d  w i t h  t h e  
s e a l a n t  and p r o p e r  s u r f a c e  t r e a t m e n t s  are used  t o  
i n s u r e  good s e a l a n t - t o - c o r e  and - f a c e  bonding. 

A r u b b e r  backup s t r i p ,  w i t h  a good bond t o  t h e  
c o r e - s e a l a n t ,  seems t o  be a n e c e s s i t y .  E a r l y  
exper iments  which i n c l u d e d  s h o t s  i n t o  p a n e l s  w i t h  
metallic rear f a c e s  e x h i b i t e d  s e v e r e  damage on  t h e  
p e l l e t  e x i t  s i d e  (see F i g u r e  5 ) .  I n  most c a s e s ,  
s e a l a n t  material local t o  t h i s  area was a l s o  
observed  t o  be s e v e r e l y  damaged and h o l e  c l o s u r e  
w a s  n o t  a c h i e v e d .  When neoprene w a s  s u b s t i t u t e d ,  
immediate improvement w a s  observed  i n  t h e  form of  
d e c r e a s e d  d e f o r m a t i o n  of  the backup s h e e t  and 
a d j a c e n t  s e a l a n t .  
backup s t r i p  r e p r e s e n t s  a f r e e  s u r f a c e  with ex-  
p e c t e d  shock wave r e i n f o r c e m e n t  due  t o  r e f l e c t i o n ,  
i t  is  a p p a r e n t  t h a t  a d i s s i p a t i v e  m a t e r i a l  is 
r e q u i r e d .  
p e r m i t s  r e c o v e r y  from r a d i a l  d e f o r m a t i o n s  due  t o  
t h e  p a s s a g e  o f  t h e  p a r t i c l e ,  and enhances h o l e  
c l o s u r e ,  

The f u n c t i o n  of  t h e  honeycomb c o r e  i s  t o  c o n t a i n  
t h e  s e a l a n t  and p r o v i d e  damage conf inement  th rough 
t h e  a d d i t i o n  of  bonding s u r f a c e s  i n  t h e  s e a l a n t  
volume. However, aluminum honeycomb g e o m e t r i e s  
e x h i b i t e d  mass ive  damage. R a d i a l  c o l l a p s e  o f  t h e  
cel l  walls as much as twelve  times the p r o j e c t i l e  
d i a m e t e r ,  w i t h  a t t e n d a n t  s e a l a n t  damage, was 
observed .  Again, t h e  need f o r  a more d i s s i p a t i v e  
material was a p p a r e n t .  
g l a s s  c o r e ,  w i t h  a t t e n t i o n  t o  m a i n t a i n i n g  good 
c o r e - t o - s e a l a n t  bonding,  was s e e n  t o  g r e a t l y  
a l l e v i a t e  t h e  damage. 
i n  l i t t l e  o r  no c o r e  damage and l o c a l i z a t i o n  was 
achieved .  

I t  

S i n c e  t h e  area bounded by t h e  

The r e s i l i e n c y  of  t h e  neoprene f u r t h e r  

The u s e  o f  p h e n o l i c  f i b e r -  
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S e a l a n t  m a t e r i a l s  used i n  t h e  i n i t i a l  work were 
commercial ly  a v a i l a b l e  s i l i c o n e s ,  p o l y s u l f i d e s ,  
and p o l y u r e t h a n e s .  The s i l i c o n e s  were observed  
t o  e x h i b i t  minute  r a d i a l  c r a c k i n g  local t o  t h e  
p a r t i c l e  p a t h  and d i d  n o t  seal w i t h  t h e  r e l i a b i l i t y  
o f  t h e  la t ter  materials. The p o l y s u l f i d e s  and 
p o l y u r e t h a n e s  used s u c c e s s f u l l y  c a n  b e s t  be 
d e s c r i b e d  as less v i s c o u s  and ,  hence,  more amenable 
t o  c r e e p  o r  f low c h a r a c t e r i s t i c s  which are obvious  
from s ta t ic  h a n d l i n g  o f  the  materials. It w a s  
t h e s e  o b s e r v a t i o n s  which s u g g e s t e d  a method o f  
dynamic m a t e r i a l  t e s t i n g  and e v a l u a t i o n ,  t o  be 
d e s c r i b e d  l a t e r  i n  t h i s  paper .  

A h i g h l y  s u c c e s s f u l  c o n f i g u r a t i o n  c o n s i s t s  o f  a 
0.020-inch aluminum f a c e ,  3 / 1 6 - i n c h  t h i c k  c o r e ,  
w i t h  3 /16  or 1 / 4 - i n c h  c e l l s  f i l l e d  w i t h  a poly-  
s u l f i d e  elastomer, and a 1 /16- inch  f i b e r - r e i n f o r c e d  
neoprene backup s h e e t .  The s e l f - s e a l i n g  weight  
c o n t r i b u t i o n  i s  1.7 pounds p e r  s q u a r e  f o o t ,  and 
t h e  o v e r - a l l  weight  i s  approximate ly  2.0 pounds 
p e r  s q u a r e  f o o t .  Best r e s u l t s  are observed  when 
the bonding a g e n t s  used  a r e  the  same m a t e r i a l  as 
t h a t  of  t h e  s e a l a n t .  S i n c e  a l l  tests were con-  
duc ted  w i t h  1 / 8 - i n c h  d i a m e t e r  p r o j e c t i l e s ,  i t  is 
c o n c e i v a b l e  that some f u r t h e r  weight  r e d u c t i o n  
may be a c h i e v e d  w i t h  more real is t ic  ( v i s . ,  s m a l l e r )  
p r o j e c t i l e  s i z e s .  

To f u r t h e r  o b s e r v e  i s o l a t e d  s e a l a n t  r e s p o n s e  t o  
dynamic p u n c t u r i n g ,  v a r i o u s  c o n f i g u r a t i o n s  were 
p e n e t r a t e d .  These c o n s i s t e d  o f  s h o t s  i n t o  1 / 4 - i n c h  
and 1 / 2 - i n c h  d i s c s  o f  s e a l a n t  m a t e r i a l  i n  v a r i o u s l y  
s u p p o r t e d  geometr ies .  S h o t s  were made i n t o  v a r i o u s  
p e r m u t a t i o n s  w i t h  and w i t h o u t  f a c e  s h e e t s  and backup 
sheets. Where p o s s i b l e ,  a c i r c u l a r  g r i d  w a s  molded 
o n t o  t h e  s u r f a c e  of  t h e  s e a l a n t  d i s c ,  and both  p r e -  
and p o s t  s h o t  s p a c i n g s  o f  t h e  g r i d  l i n e s  were made. 
I n  some cases, r e s i d u a l  r a d i a l  s u r f a c e  s t r a i n s  
a d j a c e n t  t o  t h e  e n t r y  c r a t e r  were observed t o  be 
t e n s i l e .  For  t h e  m a j o r i t y  o f  c a s e s ,  r e s i d u a l  
s t r a i n s  w e r e  found t o  be u n d e t e c t a b l e  or  below 
3 p e r c e n t ,  i n d i c a t i n g  t h a t  t h e  specimen s u r f a c e  was 
r e l a t i v e l y  undamaged. 
spec imens ,  i n s p e c t i o n  o f  t h e  damage a t  t h e  p a r t i c l e  
p a t h  r e v e a l e d  l o c a l  t e a r i n g  i n  a d i r e c t i o n  o p p o s i t e  
t o  t h e  d i r e c t i o n  of  t h e  p r o j e c t i l e .  Delaminat ion  
i n  t h e  r a d i a l  d i r e c t i o n  e x t e n d i n g  o u t  from t h e  
p a r t i c l e  p a t h  w a s  i n d i c a t i v e  o f  t h e  p r e s e n c e  o f  
l o c a l i z e d  s h e a r i n g  through t h e  
The d e p o s i t i o n  of m a t e r i a l  toward the h o l e  i n  b o t h  
i n s t a n c e s  j u s t  d i s c u s s e d  i s  c o n s i d e r e d  d e s i r a b l e ,  
i n  t h a t  b o t h  s u r f a c e  and s u b s u r f a c e  inward d i s -  
p lacement  o f  t h e  s e a l a n t  minimize h o l e  s i z e  and, 
hence,  l e a k a g e  rates. 

F i g u r e  7 shows a t y p i c a l  s u r f a c e  damage i n  w h a t  i s  
c o n s i d e r e d  a b r i t t l e  s i l i c o n e  rubber .  F i g u r e  8 
shows t h e  i d e n t i c a l  s i t u a t i o n  f o r  a h i g h l y  s u c c e s s -  
f u l  p o l y s u l f i d e  s e a l a n t .  The c r o s s - s e c t i o n a l  view 
o f  a p e r f o r a t i o n  i n  a 1 / 4 - i n c h  s i l i c o n e  r u b b e r  i s  
shown i n  F i g u r e  9. The d isp lacement  o f  t h e  m a t e r i a l  
back a l o n g  t h e  p e l l e t  d i r e c t i o n  cannot  be e x p l a i n e d  
i n  te rms  o f  wave t h e o r y .  One s i m p l e  e x p l a n a t i o n  i s  
t h a t  t h e  s h o r t - d u r a t i o n  h e a t  p u l s e  upon p u n c t u r i n g  
melts t h e  s u r r o u n d i n g  material, and t h e  subsequent  
a i r  f l o w  across t h e  s l a b  i n i t i a l l y  f o r c e s  material 
back a l o n g  the p a r t i c l e  p a t h .  I n  any e v e n t ,  t h i s  
d i s p l a c e m e n t  o f  t h e  material back i n t o  t h e  h o l e  
assists t h e  s e a l i n g  p r o c e s s .  

Upon d i s s e c t i o n  o f  t h e  

specimen t h i c k n e s s .  

An example o f  s u c c e s s f u l  s e l f - s e a l i n g  f o l l o w i n g  a 
20,000 f p s  p e n e t r a t i o n  i n  t h e  mechanica l  c o n f i g u r a -  
t i o n  i s  shown i n  F i g u r e  10. The backup s h e e t  h a s  
been p u l l e d  back t o  show t h e  l o c a l i z e d  i n t e r i o r  
damage, I n  e v e r y  i n s t a n c e  shown, t h e  s e a l a n t  
m a t e r i a l  i s  s e e n  t o  be d e p o s i t e d  i n  t h e  e n t r a n t  
h o l e ,  and t h e  e x i t  damage is  q u i t e  remarkably  
l o c a l i z e d .  

R e s i d u a l  l e a k a g e  rates f o r  the  s u c c e s s f u l  p a n e l s  
were measured by o b s e r v i n g  t h e  p r e s s u r e  d r o p  from 
a known volume c o n t a i n e r  capped w i t h  t h e  p e n e t r a t e d  
specimens. Leakage rates as low as 2.0 l b / y r  t o  
z e r o  have been observed .  Average leakage  rates have 
been found t o  be on  t h e  o r d e r  of  1 t o  2 l b s / d a y ,  
which i s  a n  improvement o f  b e t t e r  t h a n  99 p e r c e n t  
o v e r  t h e  observed rates through t h e  p e n e t r a t e d  
aluminum f a c e  s h e e t  h o l e .  I n  many i n s t a n c e s ,  t h e  
specimens showed a d e t e c t a b l e  leakage  r a t e  across 
a 14.7 p s i  p r e s s u r e  d i f f e r e n t i a l ,  b u t  e x h i b i t e d  
almost comple te  s e a l i n g  a t  4 t o  5 p s i  i n t e r n a l  
p r e s s u r e s .  

4.2 E l a s t o m e r i c  Sphere  Concept 

The c o n c e p t  j u s t  d e s c r i b e d  relies on both  t h e  
e n e r g y  d i s s i p a t i o n  and t h e  r e c o v e r y  o f  t h e  s e a l a n t  
material f o r  s u c c e s s f u l  o p e r a t i o n .  For  e x t r e m e l y  
l o c a l i z e d  damage, t h e  r e c o v e r y  o f  t h e  material i n  
t h e  domain o f  i n f i n i t e s i m a l  d e f o r m a t i o n s  i s  u t i -  
l i z e d  t o  e f f e c t  h o l e  c l o s u r e .  It i s  c o n c e i v a b l e  
t h a t  under  c e r t a i n  envi ronmenta l  c o n d i t i o n s  and 
w i t h  mass ive  f a c e  s h e e t  and s e a l a n t  damage o r  tear- 
o u t ,  macro-motion of t h e  s e a l a n t  i n t o  t h e  p e r f o r a t e d  
zone w i l l  be r e q u i r e d .  For  t h i s  r e a s o n ,  t h e  e l a s t o -  
mer ic  s p h e r e  concept  was i n v e s t i g a t e d .  Here, t h e  
c o n v e n t i o n a l  s e a l a n t  i s  r e p l a c e d  by d i s c r e e t  e l a s t o -  
meric s p h e r e s  t o  a prede termined  packing  d e n s i t y  
(see F i g u r e  11). 

Upon p e n e t r a t i o n ,  t h e  p r e s s u r e  d i f f e r e n t i a l  between 
the i n s i d e  c a b i n  and the vacuum of  s p a c e  f o r c e s  the 
b a l l s  toward the e n t r a n t  h o l e  and e f f e c t s  t h e  seal- 
ing.  B a l l  s i z e ,  packing  d e n s i t y ,  and m a t e r i a 1  w i l l  
c o n t r o l  t h e  m o b i l i t y  of  t h e  s p h e r e s  and t h e  seal- 
a b i l i t y .  T h i s  concept  e x h i b i t e d  r e s i d u a l  l e a k a g e  
rates that are comparable  w i t h  t h e  mechanical  sys tem 
d e s c r i b e d  ear l ie r ,  and i s  c u r r e n t l y  under  f u r t h e r  
s t u d y .  

4.3 Other  Systems 

A number of  a l t e r n a t e  c o n c e p t s  deve loped  t o  f i t  a 
v a r i e t y  o f  r e q u i r e m e n t s  have been s u c c e s s f u l l y  
t e s t e d .  They may be c l a s s e d  as mechanica l  or 
chemica l  depending on  the mode o f  a c t i v a t i n g  t h e  
s e a l i n g  p r o c e s s .  

One h i g h l y  s u c c e s s f u l  approach  i s  t o  p r e s t r e s s  t h e  
s e a l a n t  i n  compression.  T h i s  enhances t h e  seal- 
a b i l i t y  of  m a t e r i a l s  which have d e s i r a b l e  thermal  
o r  vacuum p r o p e r t i e s ,  b u t  which e x h i b i t  b r i t t l e -  
t y p e  f r a c t u r e s  o r  l o w  s h e a r  s t r e n g t h  c h a r a c t e r i s t i c s  
under  dynamic c o n d i t i o n s  when s imply  c o n f i n e d .  
r e l a t i v e l y  low modulus c h a r a c t e r i s t i c s  of  t h e  
e l a s t o m e r s  f a c i l i t a t e  t h e  b u i l d u p  o f  moderate  
i n t e r n a l  stresses w i t h  a p p r e c i a b l e  s t r a i n  r e c o v e r y  
i n  the p e n e t r a t i o n  h o l e .  The p r e s t r e s s i n g  c a n  be 
accomplished i n  a v a r i e t y  o f  s i m p l e  and i n g e n i o u s  
ways. 

The 



One p r e s t r e s s i n g  t e c h n i q u e  u s e s  a n  e l a s t o m e r  and 
foaming r e a g e n t  which c a u s e s  a n  unconf ined  volume 
expans ion  o f  200 p e r c e n t  t o  300 p e r c e n t  upon c u r i n g .  
The s t r u c t u r a l  p a n e l  i s  f i l l e d  w i t h  t h e  uncured 
s e a l a n t  compound to  a volume f r a c t i o n  which w i l l  
p roduce  a d e s i r e d  p r e s t r e s s  l e v e l .  Face  p l a t e  bond- 
i n g  i s  accomplished w i t h  a m a t e r i a l  whose s o f t e n i n g  
p o i n t  i s  above t h e  c u r e  t e m p e r a t u r e  o f  the s e a l a n t .  
The s e a l a n t  i s  t h e n  c u r e d  a t  t h e  r e q u i r e d  h e a t .  
T h i s  t e c h n i q u e  has shown s u c c e s s f u l  s e a l i n g  c h a r a c -  
terist ics w i t h  a h i g h  d e g r e e  of  r e l i a b i l i t y .  

Chemical c o n c e p t s  r e l y  on the dynamic a c t i o n  o f  the 
p e n e t r a t i n g  p a r t i c l e  t o  i n i t i a t e  a r e a c t i o n  which 
c l o s e s  t h e  h o l e .  I n  one c o n c e p t ,  shown i n  F i g u r e  
12,  a n  uncured polymer i s  s e p a r a t e d  from t h e  
c a t a l y s t  by a t h i n ,  n o n r e a c t i v e  membrane. Upon 
comple te  p e r f o r a t i o n ,  t h e  p r e s s u r e  d i f f e r e n t i a l  
across t h e  p a n e l  f o r c e s  a m i x t u r e  o f  polymer and 
c a t a l y s t  th rough the hole .  
have been used w i t h  comple te  and r e p e a t a b l e  s e a l i n g  
a c t i o n .  I n  a n o t h e r  method, s m a l l  bags o f  c a t a l y s t  
are i n t e r s p e r s e d  i n  t h e  s e a l a n t  vo id  (see F i g u r e  13). 
T h i s  seems t o  l o c a l i z e  t h e  c u r i n g  a c t i o n  t o  t h e  
area o f  t h e  p e n e t r a t i o n .  Bag s i z e  i s  a n  i m p o r t a n t  
f a c t o r  i n  t h i s  method. For  v e r y  uni form d i s t r i b u -  
t i o n  o f  t h e  c a t a l y s t  i n  t h e  uncured e l a s t o m e r ,  
m i c r o e n c a p s u l a t i o n  t e c h n i q u e s  c a n  be adapted .  

I n  a l l  of  t h e  chemica l  c o n c e p t s  where t h e  s e a l a n t  
m a t e r i a l s  are i n i t i a l l y  f l u i d ,  c a r e f u l  a t t e n t i o n  
must be g i v e n  t o  the r h e o l o g i c a l  or f low p r o p e r t i e s  
o f  t h e  polymer. The v i s c o s i t y  of  t h e  m a t e r i a l  must 
be s u c h  as t o  p e r m i t  a n  i n i t i a l  g r a d u a l  f l o w  through 
t h e  h o l e  w i t h o u t  e x c e s s i v e  loss. Cure rate must 
o b v i o u s l y  be  r a p i d  enough t o  "set up" t h e  m a t e r i a l  
i n  t h e  hole. Envi ronmenta l  s t a b i l i t y  must be care- 
f u l l y  c o n s i d e r e d  a g a i n s t  m i s s i o n  t i m e ,  as degrada-  
t i o n  c a n  s e v e r e l y  a l ter  f low rates a n d ,  hence,  
s e a l a b i l i t y .  

Very f a s t  c u r i n g  m i x t u r e s  

5.0 SEALANT MATERIAL EVALUATION 

O b s e r v a t i o n s  o f  a v a r i e t y  o f  s e a l i n g  r e s u l t s  fo l low-  
i n g  p e r f o r a t i o n  i n d i c a t e  t h e  impor tance  of t h e  
p r o p e r  s e l e c t i o n  of t h e  s e a l a n t  m a t e r i a l .  Indeed ,  
material d i f f e r e n c e s  are a p p a r e n t  from s t a t i c  
h a n d l i n g  of t h e  specimen material. The h i g h l y  
e las t ic  or  r u b b e r y  m a t e r i a l s  t e s t e d  e x h i b i t  a 
tendency  toward c r a c k  format  i o n  and e x c e s s i v e  
volume removal o r  t e a r - o u t .  When a less v i s c o u s  
m a t e r i a l  w a s  s u b s t i t u t e d ,  immediate improvement was 
noted.  T h i s  improvement i s  c h a r a c t e r i z e d  by a 
remarkable  d e g r e e  o f  damage l o c a l i z a t i o n  i n  t h e  
form o f  a minute  p a r t i c l e  p a t h  w i t h  l i t t l e  or no 
s u r f a c e  damage. U n f o r t u n a t e l y ,  s u c h  te rms  as 
"less v i s c o u s "  o r  "more e l a s t i c "  a r e  p u r e l y  r e l a t i v e  
and d o  n o t  assist  i n  a q u a n t i t a t i v e  d e s c r i p t i o n  of  
m a t e r i a l  response .  One method of  a s s e s s i n g  t h e  
u s e  of  a s o l i d  e l a s t o m e r  may be d e r i v e d  from a 
c o n s i d e r a t i o n  o f  t h e  t h e o r e t i c a l  r e s p o n s e  o f  v i s c o -  
e las t ic  m a t e r i a l s .  

5.1 T h e o r e t i c a l  M a t e r i a l  Response 

I d e a l l y ,  v i s c o e l a s t i c  m a t e r i a l s  a r e  assumed t o  
c o n s i s t  o f  e lements  whose o v e r - a l l  b e h a v i o r  c a n  
be d e s c r i b e d  as a combina t ion  of  v i s c o u s  and 
e las t ic  r e s p o n s e s .  I d e a l  s p r i n g s  and Newtonian 
v i s c o s i t y  c h a r a c t e r i z e  l i n e a r  b e h a v i o r  and permi t  
t h e  u s e  of  t h e  p r i n c i p l e  of s u p e r p o s i t i o n .  

Some c l a s s i c a l  bodies  are shown i n  F i g u r e  14 a l o n g  
w i t h  t h e i r  s t r e s s - s t r a i n  e q u a t i o n s .  
e l a s t o m e r s  d e p a r t  from t h i s  i d e a l  b e h a v i o r ,  e x h i b i t -  
i n g  a spec t rum o f  r e t a r d a t i o n  times which makes 
d i f f i c u l t  a comple te  d e s c r i p t i o n  of  r e s p o n s e  over 
a broad r a n g e  o f  l o a d i n g  rates or f r e q u e n c i e s .  
However, r e s p o n s e s  o v e r  a s e l e c t e d  f requency  band- 

Most real 

w i d t h ,  s p e c i f i e d  by d e s i g n  c r i t e r i a ,  
accomplished.  A r e s p o n s e  f i t  o v e r  a 
f requency  is  c o n s i d e r e d  a d e q u a t e .  

The most g e n e r a l  c h a r a c t e r i z a t i o n  of 
w i t h  a t i m e  r e s p o n s e  i n  s h e a r  c a n  be 

where S i j  and E i i  are t h e  d e v i a t o r i c  

c a n  be 
decade  of 

a m a t e r i a l  
w r i t t e n  as 

stress and 
s t r a i n  t e n s o r s ,  r e s p e c t i v e l y ,  and P and Q a r e  
d i f f e r e n t i a l  o p e r a t o r s  whose c o e f f i c i e n t s  d e f i n e  
m a t e r i a l  p r o p e r t i e s .  
m a t i c a l  t r a n s f o r m  may be performed which a l ters  
t h e  time-dependency t o  one  o f  f requency.  
n o t i o n  o f  modulus i s  r e t a i n e d  i n  t h e  form 

A Laplace  or F o u r i e r  mathe- 

The 

d e n o t i n g  t h e  complex modulus, w i t h  b a r r e d  q u a n t i t i e s  
d e n o t i n g  t ransformed p r o p e r t i e s .  S i n c e  t h e  v a l u e  
i s  complex, i t  d e n o t e s  i n  a vector r e p r e s e n t a t i o n  
i n - p h a s e  and o u t - o f - p h a s e  components. 
Component i s  r e f e r r e d  t o  as t h e  e las t ic  o r  s t o r a g e  
modulus; t h e  o u t - o f - p h a s e  component i s  c a l l e d  t h e  
loss modulus. For  low t o  moderate  damping (E" /E '  
< 0.21, it c a n  be shown t h a t  t h e  r a t i o  o f  E"/E ' ,  
o r  loss f a c t o r ,  is a measure o f  t h e  p e r c e n t  e n e r g y  
d i s s i p a t i o n  o f  t h e  m a t e r i a l  (Ref .  13) .  

S i n u s o i d a l  e x c i t a t i o n  may be performed by a v a r i e t y  
of means which i n c l u d e  t h e  v i b r a t i n g  r e e d  o r  rock-  
i n g  beam. The i n t e n t  a t  t h i s  p o i n t  i s  t o  s i m u l a t e  
t h e  l o a d i n g  r a t e  o f  h y p e r v e l o c i t y  p e r f o r a t i o n .  
T h i s  i m p l i e s  t h a t  e x c i t a t i o n  be performed i n  t h e  
k i l o c y c l e  range .  However, power l i m i t a t i o n s  
s e v e r e l y  hamper t h e  g e n e r a t i o n  o f  d e t e c t a b l e  m e -  
c h a n i c a l  d i s p l a c e m e n t s  a t  t h o s e  e x t r e m e l y  h i g h  
f r e q u e n c i e s .  For  t h i s  r e a s o n ,  c o r r e l a t i o n  w i t h  
t h e o r e t i c a l  models of  m a t e r i a l  r e s p o n s e  was a t t e m p t e d  
a t  moderate  f r e q u e n c i e s  from 100 t o  2,000 cps  i n  
a n  a t t e m p t  t o  d e s c r i b e  s u c c e s s f u l  s e l f - s e a l i n g  
o p e r a t i o n  of s o l i d  e l a s t o m e r s  a t  impact  s p e e d s  o f  
5,000 t o  7,000 f e e t  p e r  second.  

5.2 R e s u l t s  of  Dynamic E x c i t a t i o n  

The o s c i l l a t o r y  t e s t  method employs a t h r e e - i n c h  
d i a m e t e r ,  1 / 4 - i n c h  t h i c k  e l a s t o m e r  specimen,  w i t h  
a mass bonded t o  i t s  upper  s u r f a c e .  The elastomer- 
mass combina t ion  i s  bonded t o  a r i g i d  mounting 
p l a t e ,  which i s  i n  t u r n  a t t a c h e d  t o  t h e  head of  a 
c o n v e n t i o n a l  e l e c t r o d y n a m i c  s h a k e r .  Bonding a g e n t s  
used were t h e  same m a t e r i a l  as that of  t h e  specimen 
t o  i n s u r e  homogeneity. The t e s t  geometry i s  shown 
i n  F i g u r e  15. I n p u t  and o u t p u t  accelerometers, 
a l o n g  with t h e  a s s o c i a t e d  p h a s e  a n g l e  were recorded  
f o r  f i x e d  o u t p u t  "g" l e v e l s  t o  m a i n t a i n  c o n s t a n t  
peak s t r e s s  on t h e  s e a l a n t  over t h e  f requency  r a n g e  
t e s t e d .  

The i n - p h a s e  
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C o n s i d e r a b l e  i n - p l a n e  r e s t r a i n t  was e v i d e n t  on  t h e  
specimen,  r e s u l t i n g  i n  a n  a p p a r e n t  s t i f f e n i n g  o f  
t h e  m a t e r i a l .  However, i t  w a s  f e l t  t h a t  t h i s  
geometry most n e a r l y  s i m u l a t e d  t h e  conf ined  s e a l a n t  
i n  a panel  c o n f i g u r a t i o n .  Two s i l i c o n e  r u b b e r s ,  
which e x h i b i t e d  poor  t o  i n c o n s i s t e n t  s e l f - s e a l i n g ,  
and a p o l y s u l f i d e  and a p o l y u r e t h a n e  e l a s t o m e r  w i t h  
s u p e r i o r  per formance ,  were t h e  f o u r  materials 
s e l e c t e d  f o r  i n i t i a l  e v a l u a t i o n .  

The r e s u l t s  o f  t h e  o s c i l l a t o r y  tests are shown i n  
F i g u r e s  16 and 17. The i n - p h a s e  o r  elastic modulus 
r e s u l t s  i n d i c a t e d  t h a t  t h e  t w o  s u c c e s s f u l  s e l f -  
s e a l a n t s  e x h i b i t e d  h i g h e r  i n - p h a s e  o r  r e c o v e r y  
moduli .  From F i g u r e  17, i t  i s  s e e n  t h a t  t h e  energy  
d i s s i p a t i o n  c h a r a c t e r i s t i c s  of  t h e  p o l y s u l f i d e  and 
p o l y u r e t h a n e  m a t e r i a l s  were s u p e r i o r  a t  t h e  h i g h e r  
f r e q u e n c i e s .  I t  is  concluded t h a t  t h e  e x t r e m e l y  
h i g h  damping c a p a b i l i t y  o f  t h e  la t ter  two m a t e r i a l s  
a t  t h e  h i g h e r  f r e q u e n c i e s  r e n d e r s  them more s u i t a b l e  
f o r  t h i s  a p p l i c a t i o n .  

I t  i s  t o  be noted t h a t  t h e  i n - p h a s e  o r  e l a s t i c  
moduli  v a l u e s  of  F i g u r e  16 are c o n s i d e r a b l y  h i g h e r  
t h a n  Young's modulus i n f o r m a t i o n  r e p o r t e d  i n  t h e  
l i t e r a t u r e .  Owing t o  t h e  t es t  geometry which 
imposes r a d i a l  r e s t r a i n t  on  t h e  specimen due t o  t h e  
bonded s u r f a c e s  and t h e  s h o r t  specimen h e i g h t ,  t h e  
r e s u l t s  a r e  more c l o s e l y  i n  agreement  w i t h  bulk  
modulus. For  a p u r e l y  e l a s t i c ,  i s o t r o p i c  m a t e r i a l  
w i t h  comple te  lateral r e s t r a i n t ,  normal deforma- 
t i o n s  are v o l u m e t r i c ,  and t h e  a s s o c i a t e d  s t i f f n e s s  
is t h e  bulk modulus, K ,  where 

and v i s  P o i s s o n ' s  r a t i o .  An i n c o m p r e s s i b l e  
m a t e r i a l  ( ~ 0 . 5 )  h a s  a n  i n f i n i t e  bu lk  modulus. 
Fur thermore ,  p u r e  v o l u m e t r i c  d e f o r m a t i o n s  a r e  
minimized w i t h  i n c r e a s i n g  bulk  s t i f f n e s s .  Obviously,  
comple te  r e c o v e r y  a m e l i o r a t e s  t h e  s e l f - s e a l i n g  
s i t u a t i o n  by e f f e c t i n g  h o l e  c l o s u r e  f o l l o w i n g  p e r -  
f o r a t i o n .  N a t u r a l l y ,  maximum c l o s u r e ,  and hence ,  
minimum leakage  would r e s u l t  w i t h  minimum m a t e r i a l  
loss o r  t e a r - o u t .  Consequent ly ,  h i g h  i n t e r n a l  
d i s s i p a t i o n  i n  s h e a r  from a c o n t r o l l e d  v i s c o s i t y  i s  
c o n s i s t e n t  w i t h  minimizing material l o s s .  A s e a l a n t  
m a t e r i a l  r i g i d l y  c o n f i n e d ,  having  a r e l a t i v e l y  h i g h  
bulk modulus and i n t e r n a l  d i s s i p a t i o n  i s  adjudged 
s u p e r i o r .  

Another  method of  m a t e r i a l  e v a l u a t i o n  used i s  t h e  
s t a n d a r d  Lupke r e s i l i e n c y  test. I n  t h i s  t e s t ,  a 
specimen of  t h e  c a n d i d a t e  m a t e r i a l  i s  impacted by 
a pendulum and t h e  d e g r e e  o f  s u c c e s s i v e  rebounds is 
recorded .  Although t h i s  t e s t  p r o v i d e s  r e l a t i v e  
i n f o r m a t i o n  o n l y ,  i t  has  been h i g h l y  u s e f u l  f o r  
i n i t i a l  s c r e e n i n g  of  m a t e r i a l s  f o r  energy  a b s o r p -  
t i o n  c a p a b i l i t y .  

6.0 CONCLUSIONS AND RECOMMENDATIONS 

The need f o r  s e l f - s e a l i n g  s t r u c t u r a l  sys tems h a s  
been d e s c r i b e d  i n  v iew o f  t h e  many u n c e r t a i n t i e s  i n  
t h e  meteoro id  environment  assessment .  Moreover, 
t h e s e  u n c e r t a i n t i e s  a r e  expec ted  t o  be p r e s e n t  f o r  
a number of  y e a r s  t o  come. P r a c t i c a l  s e l f - s e a l i n g  
composi tes  have  been developed i n  t h e  l a b o r a t o r y  
which p r o v i d e  a g r e a t e r  d e g r e e  o f  s a f e t y  w i t h  t h e  
added f e a t u r e  of  s e l f - r e p a i r  t o  minimize crew 
r e s p o n s i b i l i t y .  Hole c l o s u r e  c a n  be accomplished 
e i t h e r  m e c h a n i c a l l y  by u t i l i z i n g  t h e  i n h e r e n t  

a b i l i t y  of  t h e  elastomers t o  recover d e f o r m a t i o n s ,  
o r  c h e m i c a l l y  by employing a mechanism a c t u a t e d  by 
t h e  p e n e t r a t i n g  p a r t i c l e .  Weight c o n s i d e r a t i o n s  
a p p e a r  a t t r a c t i v e  f o r  t h e  l o n g e r  m i s s i o n s ,  where 
t h e  term " longer"  a p p l i e s  by p r e s e n t  c a l c u l a t i o n s  
t o  m i s s i o n s  of  a d u r a t i o n  beyond two t o  f o u r  weeks. 
The need i s  even  more u r g e n t  i f  one c o n s i d e r s  t h a t  
p e n e t r a t i o n - r e s i s t a n t  s t r u c t u r e s  may n o t  n e c e s s a r i l y  
be c o m p l e t e l y  leakproof  f o l l o w i n g  a m e t e o r o i d a l  
c o l l i s i o n .  

M a t e r i a l  behavior  under  t h e  s p a c e  environment  must 
be c a r e f u l l y  a s s e s s e d ,  and s t a b l e  m a t e r i a l s  are 
mandatory. Both mechanica l  and chemica l  methods 
have been shown t o  be p r a c t i c a l  when c a r e f u l  a t t e n -  
t i o n  i s  g i v e n  t o  m a t e r i a l  bu lk  and c o m p r e s s i b i l i t y  
p r o p e r t i e s ,  and t h a t  of  f low.  The combined a t t e n t i o n  
of  t h e  s t r u c t u r a l  d e s i g n e r  and t h e  chemis t  h a s  been 
a n e c e s s i t y  i n  t h e  development  of  t h e  c u r r e n t  con- 
c e p t s .  

A q u a l i t a t i v e  d e s c r i p t i o n  of t h e  mechanica l  s e l f -  
s e a l i n g  mechanism has been forwarded based on t h e  
measurement of  a g g r e g a t e  m a t e r i a l  dynamic p r o p e r -  
t ies.  A comple te  t h e o r e t i c a l  a n a l y s i s  would be 
b e n e f i c i a l ,  b u t  i s  b e s e t  w i t h  t h e  v a g a r i e s  also 
a s s o c i a t e d  w i t h  t h e  t h i c k - t a r g e t  h y p e r v e l o c i t y  
p e n e t r a t i o n  problem. 

A s  s e l f - s e a l i n g  s t r u c t u r e s  are n o t  s p e c i f i c a l l y  
in tended  t o  d e f e a t  t h e  incoming meteoro id ,  t h e i r  
a r e a  of  a p p l i c a t i o n  may seem t o  be r e s t r i c t e d .  
However, as a complementary sys tem f o r  e i t h e r  armor 
p l a t e  o r  bumper c o n s t r u c t i o n s ,  a s i g n i f i c a n t  i n c r e a s e  
i n  s a f e t y  c a n  be expec ted .  
back-spa11 p r e v e n t a t i v e  a p p e a r s  p o s s i b l e ,  b u t  re- 
q u i r e s  f u r t h e r  s t u d y .  

G r e a t e r  u s a g e  c a n  be expec ted  i n  areas o f  t h e  
v e h i c l e  having  a minimum of  p e r s o n n e l  a c t i v i t y  
(e .g . ,  passageways,  a i r l o c k s ,  e t c . .  . . I .  Tankage 
p r o t e c t i o n  i s  a n o t h e r  area where t h e  d i s s i p a t i v e  
c a p a b i l i t i e s  of  elastomers may p r o v e  f e a s i b l e ,  
w i t h  u n i q u e l y  des igned  s e l f - s e a l i n g  systems employ- 
i n g  t a i l o r e d  materials. 
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FIGURE 4 ENTRY DAMAGE TO SELF-SEALING PANEL 



FIGURE 5 EXIT DAMAGE TO ALUMINUM R E A R  WALL 
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FIGURE 7 ENTRY DAMAGE TO SILICONE RUBBER SPECIMEN 



FIGURE 8 ENTRY DAMAGE TO POLYSULFIDE 
ELASTOMER SPECIMEN 
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FIGURE 10 SEALANT EXIT DAMAGE 
IN HONEYCOMB-CORE PANEL 
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